The genes coding for yellow pigment production in Erwinia herbicola EholO (ATCC 39368) were cloned and localized to a 12.4-kilobase (kb) chromosomal fragment. A 2.3-kb AvaI deletion in the cloned fragment resulted in the production of a pink-yellow pigment, a possible precursor of the yellow pigment. Production of yellow pigment in both E. herbicola EholO and pigmented Escherichia coli clones was inhibited by glucose. When the pigment genes were transformed into a cya (adenylate cyclase) E. coli mutant, no expression was observed unless exogenous cyclic AMP was provided, which suggests that cyclic AMP is involved in the regulation of pigment gene expression. In E. coli minicells, the 12.4-kb fragment specified the synthesis of at least seven polypeptides. The 2.3-kb AvaI deletion resulted in the loss of a 37K polypeptide and the appearance of a polypeptide of 40 kilodaltons (40K polypeptide). The synthesis of the 37K polypeptide, which appears to be required for yellow pigment production, was not repressed by the presence of glucose in the culture medium, as was the synthesis of other polypeptides specified by the 12.4-kb fragment, suggesting that there are at least two types of gene regulation involved in yellow pigment synthesis. DNA hybridization studies indicated that different yellow pigment genes exist among different E. herbicola strains. None of six pigmented plant pathogenic bacteria examined, Agrobacterium tumefaciens C58, Corynebacteriumflaccumfaciens 1D2, Erwinia rubrifaciens 6D364, Pseudomonas syringae ATCC 19310, Xanthomonas campestris 25D11, and "Xanthomonas oryzae" 17D54, exhibited homology with the cloned pigment genes.
The bacterium Erwinia herbicola is found in a diversity of habitats including plant surfaces, soil, and water and as an opportunistic pathogen of humans and other animals (2, 4, 13, 32) . Strains inhabiting aerial plant parts have received particular attention due to their ubiquitous nature (13, 16) , their association with diseased plant tissues (8, 17, 29, 30) , and the prospect of using these organisms to displace plant pathogens and thereby control plant diseases biologically (1, 34) . Many epiphytic strains of E. herbicola produce nondiffusible yellow pigment (s) . No function has yet been ascribed to the pigment(s); experiments designed to demonstrate a role in protection against damage from UV irradiation have not shown pigmentation to be effective (14) . In some strains, pigmentation is easily lost upon incubation at elevated temperatures or during growth in the presence of sodium dodecyl sulfate (SDS) or nalidixic acid; the altered phenotype persists without reversion even when growth is resumed under optimal conditions (7, 11, 33) . Change in pigmentation has been correlated with the loss of thiamine prototrophy and, in two species, the loss of a large plasmid (11, 33) . E. herbicola strains vary not only with respect to the presence or absence of pigment, but also in pigment intensity, and, as we describe here, in the regulation of pigment expression. During our studies, we observed that pigment expression was subject to catabolite repression when cells were grown in the presence of glucose. The objective of this work was to study the expression of the genes coding for the yellow pigment in E. herbicola EholO and, through cloning and DNA-DNA hybridization experiments, to assess the extent to which at least one pigment gene is conserved in this species. These studies demonstrate that the genes coding for yellow pigment production lie within a 12.4-kilobase (kb) sequence coding for at least seven polypeptides and that the expression of the yellow pigment phenotype is cyclic AMP (cAMP) mediated.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Escherichia coli HB101 (3) was used as a host for gene cloning experiments. E. coli P678-54 (F-thr leu thi supE lacYfhuA gal mal xyl ara mtl min), obtained from C. I. Kado Table 1 . Cosmid pHC79 (20) was used as a gene cloning vector. LB broth and LB agar (27) were used as generalpurpose media. LB-cAMP agar and LB-glucose-cAMP agar were prepared by inoculating 20 ml of solidified LB agar or LB agar containing 0.4% glucose with 1 ml of filter-sterilized 100 mM cAMP and allowing the plates to dry in a laminarflow hood. LB containing 100 ,ug of ampicillin per ml was 608 PERRY ET AL. coli were transformed by the method of Himeno et al. (18) .
Construction of cosmid library. Genomic DNA of EholO (88 ,g) was partially digested with 7 U of Sau3A for 1 h at 37°C. The resulting restriction fragments were then fractionated in a 15-cm 0.4% agarose (molecular biology grade; International Biotechnologies) gel by electrophoresis at 25 V for 16 h. The region of the gel between 33 kb (largest X SalI restriction fragment) and 49 kb (uncut X DNA) was cut out, and the DNA in the gel was isolated by the NaI method of Vogelstein and Gillespie (35) (28) . Dot blots were done by the method of Kafatos et al. (22) , and Southern blots were done by the method of Southern (31) .
Plasmid Curing. Plasmid curing experiments were performed at 38°C or in the presence of 0.05% SDS by the method of Gantotti and Beer (11) . RESULTS
Cloning of yelow pigment genes. A genomic library of E. herbicola EholO DNA was constructed by inserting partially Sau3A digested DNA into the BamHI site of cosmid pHC79. Of 3,848 cosmid clones, 14 were yellow (Fig. 1) . The plasmids of eight of these clones were examined and were found to contain common restriction fragments. One yellow clone contained a recombinant plasmid, pPL91 (45.5 kb), which had three KpnI restriction sites. The regions encoding yellow pigment production, Apr, the origin of replication, and the cos gene were located on a single 27-kb Kpnl fragment (pPL348). Deletions made in pPL348 by partial BglII digestion followed by partial Sall digestion yielded a 15.6-kb Apr plasmid, pPL376 ( Fig. 2A) , which still coded for yellow pigment synthesis (Fig. 1H) . Further deletions made in pPL376 by partial BamHI, BglII, PstI, or Sau3A digestion did not generate any yellow-pigmented colonies. However, a 2.3-kb AvaI deletion (Fig. 2B ) generated a plasmid (pHL545) that conferred pink-yellow pigment production (Fig. 1J) . Ehll6 produced a diffusible pink pigment on LB-glucose ar ( Fig. 1C and D) . However, five strains, including agar but were beige on LB agar ( Fig. 1E and F ; Table 1 ).
produced a yellow pigment only on LB agar and These, phenotypic changes were due to the presence of eige on MB agar or LB glucose agar ( Fig. 1A and B; glucose in the culture media. A similar repression by glucose was also observed in the E. coli clones (Fig. 1H, I , J, and K). Pigment expression in E. herbicola EholO was also repressed by 0.8% arabinose and 1% maltose, but was not A repressed by glycerol, sucrose, or lactose at a concentration of 1%, whereas in E. coli it was not repressed by any of these sugars.
Glucose is known to repress the synthesis of cAMP in E. mHI coli (24) and therefore to repress operons that require cAMP
for expression. To demonstrate that the repression of pigeI I1 | " mentation is related to the repression of cAMP synthesis by glucose, plasmids pPL376 and pPL545 were transformed EcoRII into E. coli M182 Acrp and E. coli 5080, a mutant deficient in cAMP synthesis. Pigmentation was not observed in strains Fp., ,,, 5080(pPL376) and 5080(pHL545) when cultured on LB agar ( Fig. 1N and P) , but was restored after 7 days of incubation SalI, on LB-cAMP agar (Fig. 1M and 0) 3 . SDS-polyacrylamide gel electrophoresis of proteins specified by plasmids pPL376 and pHL545 in E. coli minicells. Lanes contain proteins specified by plasmid pPL376 in the absence (A) and presence (B) of 1% glucose, proteins specified by plasmid pHL545 in the absence (C) and presence (D) of 1% glucose, and proteins specified by cosmid pHC79 in the absence (E) and presence (F) of 1% glucose. Arrow indicates the new 40K polypeptide specified by pHL545.
69K, 56K, 53K, 50K, 43K, and 37K) not specific to the vector (Fig. 3, lane A) . Plasmid pHL545 also specified the synthesis of seven polypeptides (Fig. 3, lane C) ; however, a comparison of the polypeptides specified by both plasmids indicated that the AvaI deletion in pPL376 resulted in the loss of a 37K polypeptide and the appearance of a 40K polypeptide. Culturing cells in 1.0% glucose and the addition of 0.25% glucose in the minicell incubation medium resulted in the disappearance of the 84K, 56K, and 43K polypeptides (Fig. 3, lanes B and D) . The three polypeptides that were missing in the glucose-containing medium were not detected when 30 mM cAMP was added to the culture medium.
DNA homology. Dot-blot hybridizations with plasmids pPL376 and pHC79 as probes showed no homology between plasmid pPL376 and A. tumefaciens C58, C. flaccumfaciens 1D2, E. rubifaciens 6D364, P. syringae ATCC 19310, X. campestris 25D11, "X. oryzae" 17D54, or nine strains of E. herbicola (Table 2 ). Eleven strains of E. herbicola had homology only with pPL376 but not with pHC79; 9 of the 11 strains exhibited chromosomal homology with pPL376, whereas the other 2 strains had both chromosomal and plasmid homology with pPL376 as determined by Southern blot hybridization (Table 2) . Plasmid pPL376 had homology with the chromosome but not with the 110-kb plasmid of EholO (Fig. 4) . Southern analysis also revealed that three BglII restriction fragments of EholO total DNA had homology with pPL376.
To determine whether any EholO pigment genes are plasmid encoded, an attempt was made to cure the strain of its 110-kb plasmid by heat and SDS curing methods. The observed frequencies of pigment loss in E. herbicola strains Eh112Y and EholO are shown in Table 3 . No nonpigmented EholO colonies developed as a consequence of any treatment. DISCUSSION A 12.4-kb chromosomal fragment containing the genes for the yellow pigment of E. herbicola EholO was cloned into E. coli HB101. Deletions introduced into this plasmid (pPL376) by AvaI partial digestion yielded a 10.1-kb fragment that conferred pink-yellow pigment production, suggesting that the fragment may contain at least two phenotypically iden- tifiable genes: one or more yellow genes responsible for the synthesis of a yellow pigment, and one or more pink genes responsible for the synthesis of a pink-yellow pigment. The 2.3-kb deletion probably occurred in a yellow gene and resulted in the loss of the yellow pigment and the appearance of the pink-yellow pigment. This suggests that the pinkyellow pigment may be a precursor of the yellow pigment. Recent cloning experiments with Ehol3 pigment genes (unpublished results) show that two distinct DNA regions code for pink and yellow pigments, and that a deletion in the yellow pigment region results in pink clones, whereas a deletion or an insertion of DNA into the pink pigment region results in beige clones. Our results indicate that the regulatory mechanisms for yellow pigment expression vary among strains of E. herbicola. Production of yellow pigment in some strains, including EholO, was subject to repression by glucose and was regulated by cAMP in E. coli clones. Pigment expression in pPL376 and pHL545 was completely repressed in a cAMP-deficient E. coli mutant (strain 5080), indicating that cAMP is required for the expression of the yellow and pink-yellow pigments. cAMP at 5 mM restored pigment expression in strain 5080 ( Fig. 1M and 0) ; however, pigmentation was less intense in this strain than in HB101. This could be due to differences between the host strains, resulting in differential expression of the pigment genes, or due to the instability of the cAMP, which may have decreased in activity during incubation to a level insufficient for full pigment expression. The lighter pigmentation was probably not due to inadequate transport of cAMP, since the transport of exogenous cAMP into E. coli cells is known to be efficient (15) . The transformation of plasmids pPL376 and pHL545 into E. coli M182 resulted in yellow or pink-yellow colonies, whereas transformation of these plasmids into M182 Acrp resulted in chimeric beige and yellow or beige and pink-yellow colonies. This phenotype was due to plasmid instability in the host strain, which may have been caused by a deletion in the crp gene itself or a deletion in some adjacent region, since the deletion in the mutant strain extends beyond the crp gene (5, 9) . The expression of the pigments in strain M182 Acrp may be due to the fact that this strain is leaky in cAMP receptor protein synthesis ( lack of pigment expression in strain 5080 and the chimeric expression in strain M182 Acrp did not result from mutations in the pigment genes themselves, since full pigmentation was observed upon reisolation and insertion of the plasmids from these strains into E. coli HB101. Pigment expression in E. coli HB101 clones and in EholO was repressed by glucose and could not be restored by the addition of exogenous cAMP to LB-glucose agar. This failure to restore pigmentation may have been due to the repression of intracellular cAMP receptor protein synthesis by glucose (10) . The minicell protein profile of pHL545 was identical to that of pPL376, except for the absence of a 37K polypeptide band and the appearance of a 40K polypeptide band (Fig. 3 , lane C). This may be the result of a deletion of a translationstop signal for a yellow gene which results in the formation of a larger, nonfunctional fused polypeptide. The larger polypeptide may be a fusion product of part of the 37K protein with a smaller protein that was not detected on the protein gel or may be a fusion product of the 37K protein and the translation product of an adjacent, noncoding region of DNA. In either case and more importantly, these two polypeptides are not repressed by glucose (Fig. 3, lanes B  and D) . If cAMP is required for pigment expression, then the lack of repression of these polypeptides suggests that the expression of at least one of the yellow pigment genes is controlled by a cAMP-independent promoter. The glucose repression of pigment synthesis in strain EholO may also be caused by the repression of either a regulatory factor or one or more polypeptides essential for the synthesis of a precursor(s) of the yellow pigment. We have also included cAMP in the minicell incubation medium and tried unsuccessfully to reverse the glucose repression. This is probably due to the fact that the intracellular level of cAMP receptor protein in the minicells was limiting, since synthesis of this protein in E. coli is also known to be repressed by glucose (10) .
It has been reported (12, 33) that the yellow pigment genes of E. herbicola Eh112Y and of Erwinia uredovora are encoded on large plasmids that can be cured by heat or by SDS. This contrasts with the pigment genes of EholO, which were not curable by heat or by SDS (Table 2) and were shown by Southern blot hybridization to be chromosome encoded. Our results do not rule out the possibility that the 110-kb plasmid of EholO encodes regulatory genes such as cya or crp which are important for the expression of the pigment genes. It is likely that only one set of pigment genes exists in EholO, since only three BglII fragments were homologous to pPL376 (which contains three BglII fragments, Fig. 2 
